Strong coupling between single atoms and non-transversal photons 
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We investigate the interaction between single quantum emitters and non-transversally polarised 
photons for which the electric field vector amplitude has a significant component in the direction 
of propagation. Even though this situation seems to be at odds with the description of light as a 
transverse wave, it regularly occurs when interfacing or manipulating emitters with non-paraxial, 
guided, or evanescent light. Here, we couple single rubidium atoms to single photons which are 
confined in an optical microresonator by continuous total internal reflection. We experimentally show 
that the non-transversal polarisation decisively alters the physics of strong light-matter interaction. 
This effect has far-reaching and highly advantageous implications, which, e.g., significantly advance 
the field of cavity quantum electrodynamics with whispering-gallery-mode resonators. In particular, 
our finding allows us to experimentally realise a paradigmatic quantum system, which is ideally 
suited for basic studies and technological applications. 



The interaction between single atoms and single pho- 
tons lies at the heart of quantum optics and has been 
investigated in a number of groundbreaking experiments 
with high- finesse cavities confining the photons. [lj-(9j In 
these cavity quantum electrodynamics (CQED) systems, 
the strong coupling regime[10l [11] has been reached, 
meaning that the coherent atom-light coupling domi- 
nates over all dissipative processes. This has led to 
the experimental demonstration of a variety of build- 
ing blocks for quantum communication and quantum 
information processing with optical photons. [H |3l [51 H] 
In order to move forward from these proof-of-principle 
studies, the optical loss of the resonator has to be sig- 
nificantly reduced. [12] Whispering-gallery- mode (WGM) 
microresonators,[T31 [H] which confine light by continu- 
ous total internal reflection, and enable near-lossless in- 
and out-coupling of light via tapered fibre couplers. |15j 
have been proposed as a solution to this problem. As 
recently demonstrated in a series of pioneering experi- 
ments with toroidal WGM microresonators. [TMI^ sin- 
gle atoms can be strongly coupled to WGMs via the 
evanescent field outside the resonator. This achievement, 
combined with the high in- and out-coupling efficiency 
of light .[15] has made it possible, for example, to re- 
alise a turnstile as well as a router for photons. [171 [E] 
Strong coupling between WGMs and solid state quan- 
tum emitters has been demonstrated as well. [501 [H] Be- 
yond their importance in strong light-matter coupling, 
WGM microresonators are highly versatile photonic de- 
vices, which have, e.g., enabled label- free detection of 
single molecules in a bio-compatible environment , [22] 
on-chip single nanoparticle detection and sizing[23 as 
well as virus detection, [24] on-chip generation of op- 
tical frequency combs, [2S] and generation of squeezed 
and correlated twin-beams as well as single and pair 
photons. [261 [27] Moreover, WGM microresonators pro- 
vide a very successful experimental platform in the thriv- 
ing field of cavity optomechanics. [^ 

However, theoretical CQED models thus far predict 
a fundamental problem in the use of WGM resonators 



for CQED applications. These models treat WGM mi- 
croresonators as conventional ring resonators which sus- 
tain a pair of degenerate, identically polarised, counter- 
propagating modes. pUfTOl [HI [IS [Ml [SOHSl] Under this 
assumption, the corresponding standing wave modes are 
then predicted to exhibit an azimuthal intensity modu- 
lation with maximum visibility and phase that can be 
chosen such that one mode has a node at the position 
of a given emitter. This uncoupled standing-wave mode 
would fundamentally limit the performance of WGM mi- 
croresonators for coupling light and matter. Here, using 
single rubidium atoms which are strongly coupled to a 
WGM bottle microresonator, [3SHSZ1 we experimentally 
demonstrate that the non-transversal polarisation of the 
evanescent field of WGMs inhibits destructive interfer- 
ence, and thus prevents the formation of an uncoupled 
mode. Our results agree with a model that includes the 
full vectorial description of the resonator modes and the 
internal level structure of the atoms. In addition, the 
non-transversal character of near-field photons leads to 
a qualitatively new and advantageous physical situation, 
which fundamentally differs from previous CQED exper- 
iments and which opens up a realm of possibilities for 
technological applications and fundamental studies. 



The WGM bottle microresonators employed in our ex- 
periment are prolate-shaped cylindrically symmetric sil- 
ica structures, see Fig [l] a, which sustain WGMs with 
ultra-high quality factor {Q > 10®) and small mode 
volume, compatible with the requirements of CQED 
in the strong coupling regime. [3^1 ISZ] Compared to 
other types of ultra-high Q WGM microresonators, such 
as microspheres [55] and microtori.[50] bottle microres- 
onators have the additional advantage of being fully 
tuneable. [37] Moreover, their mode geometry straightfor- 
wardly enables near-lossless simultaneous coupling of two 
independent tapered fibre couplers. [40] 
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FIG. 1. Interaction between a single atom and a WGM bottle microresonator. a, Schematic view of our bottle 
microresonator interfaced with a tapered fibre coupler. Probe light, launched into the coupling fibre, is coupled into the 
resonator via frustrated total internal reflection and the remaining transmission is detected by a single photon counter, b. In 
the case of TM-modes, the spatial dependence of the electric field vector along the resonator is well described by a cycloid, c. 
Relevant atomic levels and transition strengths for *^Rb. Due to the strong overlap with a'^ (f^^) polarisation, TM modes drive 
Amp — +1 {Amp — —1) transitions, pumping into the Zeeman sublevel with maximum (minimum) mp, while the vr-polarised 
TE modes drive Amp — transitions, d. Longitudinal and transversal electric field components and their ratio as function of 
the distance to the resonator surface, calculated for the TM modes of our bottle microresonator. 



MODELLING THE ATOM-LIGHT 
INTERACTION 

In order to model the interaction of single alkali atoms 
with bottle microresonator modes (bottle modes), we em- 
ploy the Jaynes-Cummings Hamiltonian, generalised to 
a multilevel atom description and the full vectorial treat- 
ment of the evanescent electric field of a pair of counter- 
propagating bottle modes. As in all types of WGM mi- 
croresonators, bottle modes can be classified according to 
the orientation of the electric field polarisation, which ci- 
ther lies predominantly in the plane perpendicular to the 
resonator axis (TM) or predominantly points along this 
^-axis (TE). TE modes are almost exclusively transver- 
sally polarised, i.e., their electric field vector is, to a good 
approximation, perpendicular to their wave vector at any 
position of the mode. In qualitative contrast, the TM 
modes are non-transversally polarised, [HI meaning 
that the electric field vector of the evanescent field has 
a non-vanishing component along the wave vector, see 
Fig. [T] d. This longitudinal component oscillates ±90° 
out of phase with respect to the transversal component. 
Thus, for a given distance from the resonator surface, the 
complex-valued amplitude vector of TM modes is 

— Etrans ± iEiong . (1) 



Here, Etrans « |Et rans | (-^long — | Ejong 

|e^) is the 

transversal (longitudinal) amplitude vector with the real- 
valued radial (azimuthal) unit vector (e;^). The -|- 
(— ) sign corresponds to the left-handed (right-handed) 
rotation sense of the mode with respect to the z-axis, 
which defines our quantisation axis. The situation is 
much simpler for the TE modes, which have approx- 
imately the same amplitude vector for both rotation 
senses, E^g « ^te ~ |EteI®z' where is the real- 
valued axial unit vector. 

The sign in Eq. ([I]) has a decisive influence on the cou- 
pling of a degenerate pair of counter-propagating modes 
to an atom. For the sake of simplicity, let us first as- 
sume that |Etrans| = |Eiong|- In this case, E^j^ and E^j^ 
describe two modes with mutually orthogonal circular 
polarisations. However, in contrast to what is usually 
encountered for freely propagating light fields, the plane 
of polarisation is parallel to the local wave vector of the 
mode and the electric field vector describes a cycloid 
along the circumference of the resonator, see Fig. [T] b. 
Any superposition of such a pair of counter-propagating 
modes corresponds to a light field with azimuthally sym- 
metric intensity and ellipticity. As a consequence, the 
atom-light coupling strength is independent of the az- 
imuthal position of the atom or, equivalently, of the rel- 
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ative phase of the superposition. In particular, this rules 
out the existence of an uncoupled TM mode. This dif- 
fers fundamentally from what is encountered for standard 
paraxial Fabry-Perot and ring-resonators, where this in- 
trinsic connection between polarisation and propagation 
direction does not occur. 

For WGMs with maximal angular momentum, the ra- 
tio |Eiong|/|Etrans| IS largely independent of the geom- 
etry and the diameter of the WGM resonator and al- 
most exclusively determined by the refractive index of the 
resonator material (see Methods). For WGM microres- 
onators made of silica, one obtains |Eiong|/|Etians| ~ 0.7 
(see Fig.gd). Thus^|E±^, • e;± |V|E±j^|2 > 0.96, where 

e^-i = (e^ ± ze(^)/-\/2, meaning that E^j^^-modes almost 
fully overlap with an ideally circularly (cr*) polarised 
mode. For higher refractive indices, the overlap will be 
even higher. 

Besides preventing the formation of an uncoupled 
standing wave mode, the near perfect circular polari- 
sation of E^]y[ has an additional advantage: Consider 
the case where the resonator is, e.g., coupled to a sin- 
gle ^^Rb atom and light is launched into the coupling 
fibre in the direction of Ejt in order to resonantly excite 
mode E^j^, see Fig. |l|b. The atom then interacts with 
almost purely circularly polarised (cr^) light and transi- 
tions with Ami? = +1 are predominantly driven, where 
mp is the magnetic quantum number of the atomic hy- 
perfine states. This leads to optical pumping and, when 
the E^jyj-mode is close to resonance with the atomic 
transition 5S'i/2, F — 3 ^ 5P3/2, F' — 4, the atom 
is transferred to the outermost Zeeman sublevel with 
F = 3,mi? = 3 after a few scattering events, see Fig. [T] 
c. From there, light in the E^j^-mode can only excite 
the F' — 4:,mpi — 4 state which can only decay back to 
the F — 5,mp — S ground state, thus yielding a closed 
cycling transition. This situation occurs naturally and 
is highly advantageous for two reasons: First, the closed 
cycling transition maximises the coupling strength of the 
atom to the electromagnetic field. And second, the se- 
lection rules for dipole transitions prevent the atom from 
emitting light into the orthogonally polarised, counter- 
propagating E^j^^-mode. Despite the simultaneous ex- 
istence of two degenerate resonator modes, this effec- 
tively leads to the ideal case of a two-level atom that 
only interacts with a single traveling-wave mode. Thus, 
our theoretical model predicts a spectrum of the cou- 
pled atom-resonator system that exhibits the well-known 
vacuum-Rabi splitting of the resonance frequencies by 
Au! = 2g, see Fig. [2] a, where g is the atom-resonator 
coupling strength. 

A fundamentally different situation is encountered 
when considering the interaction with a TE-mode. Since 
both running waves have the same linear polarisation, 
the atom will interact with both modes and an uncou- 
pled standing wave resonator mode occurs. This leads 
to qualitatively different physical behaviour compared to 
TM modes, which is apparent in the predicted spectrum 
which contains an additional central resonance, that is a 



signature of the uncoupled standing wave mode, see Fig[2] 
b. We note that this spectrum essentially corresponds 
to the predictions of the formerly employed theoretical 
model that neglected the non-transversal polarisation of 
the resonator modes. This shows that transversely po- 
larised modes are unsuitable for schemes and applications 
which require the atom to split the transmission spec- 
trum into two dips, such a single photon transistors. |43l 



EXPERIMENTAL SPECTRA 

In order to verify that the above scenarios adequately 
describe our experiment, we investigate the physical be- 
haviour of TE and TM modes. Figure [T] a shows a 
schematic of our experimental setup with the bottle mi- 
croresonator interfaced with a sub-micron diameter cou- 
pling fibre. [iiHiS] We tune the frequency of the bottle mi- 
croresonator to the atomic 55*1/2, F = 3 ^ 5P3/2, F' — 
4 transition of ^^Rb (transition wavelength A = 780 nm) 
and critically couple the coupling fibre to the resonator. 
At this set-point, the in- and out-coupling rate of light 
matches the intrinsic loss rate of the empty resonator. 
We set the polarisation of the resonant light in the cou- 
pling fibre to match the polarisation of the bottle mode. 
As a result, the light will be entirely coupled into the 
bottle microresonator mode and dissipated therein. The 
remaining transmission through the coupling fibre is typ- 
ically as low as 1 %, see Fig. [2] We then launch a cloud 
of laser-cooled ^^Rb-atoms towards the resonator. If an 
atom enters the evanescent field of the resonator-mode, 
the vacuum Rabi splitting of the resonance frequency of 
the strongly coupled atom-resonator system results in a 
significant increase of the coupling fibre transmission, see 
inset of Fig.[l]a. When such an event is registered, a fast 
optical switch is used to turn off the detection light in re- 
altime and to simultaneously apply a spectroscopy field 
through the coupling fibre that can be set to any relevant 
detuning Aj-g — uj,- — ujs, where uj^/^n and cjs/27r are the 
frequencies of the resonator mode and spectroscopy field, 
respectively. 

Figures [2] c and d show transmission spectra ob- 
tained for the case of probing a TM- and TE-polarised 
mode, E^j^^ and E^^, respectively. A guiding magnetic 
field B2 = 4.5 G along the z-axis lifts the degener- 
acy of the Zeeman sublevels. The bottle-resonator is 
set to resonance with the dominant atomic transition 
{F = 3, mp ^ 3 ^ F' = 4, m'p = 4: for TM and 
F = 3, mp = ^ F' = 4, m'p = for TE). Com- 
pared to the case of an atom-resonator system with a 
well defined coupling constant g (Fig. [2] a and b ), in our 
experiment the coupling strength of the atoms varies, 
both during the transit and from shot to shot. We ac- 
count for this by fitting an averaged spectrum to the 
transmission data, where the only free fit parameters are 
the mean value of the coupling strength g and its stan- 
dard deviation ag (see Methods). Perfect agreement is 
found between the experimental data and the theoreti- 
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FIG. 2. Vacuum Rabi-splitting for TM and TE modes, a and b, Calculated coupling fibre transmission for a TM and 
a TE mode, respectively, coupled to a single atom with a fixed coupling strength of g/in = 20 MHz and zero atom-resonator 
detuning (red line). The transmission for an empty resonator is shown by the grey line, c and d. Measured fibre transmission 
for our TM and TE mode, respectively, (blue circles: experimental data; error bars indicate the la statistical error) with 
a guiding field of = 4.5 G. The resonator is resonant with the transition F = 3, mp = 3 — >■ F' = 4, m'p = 4 and 
F = 3, mp — F' — 4, m'p — 0, respectively. The red solid line is a theoretical fit yielding an average coupling strength of 
g/2-K = 17 MHz with a standard deviation of o-g/2TT = 6 MHz and (7g/2-K = 9 MHz, respectively (see Methods). The grey data 
shows the transmission of the empty cavity with a Lorentzian fit yielding a HWHM of K/2n = 10 MHz. The dashed lines are 
the measured empty resonator transmission spectra of the respective mode in the undercoupled regime, e and f. Vacuum Rabi 
spectrum measured under same conditions as in c and d but applying the spectroscopy laser from the opposite direction as the 
detection laser. To avoid optical pumping by the spectroscopy laser, the spectrum is only measured for the first 100 ns. The 
theory curves are calculated using the same parameters g and ag as in c and d, respectively. The insets show the direction of 
the detection (orange) and the spectroscopy light (green) and a simplified atomic level scheme indicating the driven transitions. 



cally predicted spectra. As expected, for the E^j^j-mode, 
the spectrum clearly features two transmission dips while 
the spectrum for the E^^-mode is dominated by a central 
dip. 

We now launch the detection light along Ej^^ and the 
spectroscopy light along the opposite direction Er. For 
the TE polarised mode, we expect the same transmission 
spectrum as before. However, the situation is different for 
the TM modes, where we populate the E^jy[-mode dur- 
ing detection and the atom is pumped into the mp — 3 
state. The spectroscopy is then carried out on the E^j^- 
mode, which initially drives the i^ = 3, mF = 3— >■ 
F' = 4, m'p ~ 2 transition, see Fig. [l] c. However, this 
transition is strongly suppressed by two effects. First, 
its strength is more than one order of magnitude smaller 



than for the closed cycling transition, and second, the 
strong interaction of the atom with the empty E^j^^-mode 
on the F = 3, mp — 1 ^ F' = 4, m'p = 2 transition 
leads to a vacuum Rabi splitting of the excited state. As 
a result, the transmission spectrum recorded with detec- 
tion and spectroscopy light launched from opposite sides 
should initially closely resemble that of an empty res- 
onator. Figure [2] e (f ) shows the transmission spectra 
of the TM (TE) mode recorded for this case. The in- 
teraction time of the spectroscopy field with the coupled 
atom-resonator system was limited to the first 100 ns af- 
ter the initial relaxation of the resonator field in order 
to prevent optical depumping of the initial atomic state. 
The transmission spectrum predicted by our model in 
Figs. [2] e and f (solid lines with the same values of g 
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and (7 as in Figs. [2]c and d) shows excellent agreement 
between experiment and theory. 



RESONATOR-INDUCED OPTICAL PUMPING 
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FIG. 3. Optical pumping in TM modes, a, On- 

resonance coupling fibre transmission for the TM mode as 
function of time, when the spectroscopy hght field is applied 
from the opposite direction as the probe hght. A guiding field 
of = 4.5 G is applied and the resonator is set to resonance 
with the transition F = 3, mp = 3 — >■ F" = 4, m'p = 4. The 
curves correspond to three different probe powers leading to a 
mean photon number of n = 0.07 (red), 0.18 (green) and 0.4 
(blue) in the resonator mode in the absence of an atom. Over 
time, the probe light pumps the atom into F = 3, mp = —3 
resulting in an increasing coupling strength between atom and 
resonator. The initial slopes of the transmission are 0.06 /^s~^, 
0.18 fj,s~^ and 0.37 /is~^, respectively, and increase linearly 
with power. The drop in transmission for larger times t is 
caused by atom loss, b. Same as the blue data in a, but con- 
ditioned to a second atom detection at t = 2.5 fis, in order 
to discard runs where the atom was lost. The transmission 
increases from its initial value of 5% to a value of more than 
60% in good agreement with the on-resonance transmission 
expected in the steady state. 



If the spectroscopy light is applied from the opposite 
side as the detection light for longer time intervals, the 
atom will eventually scatter photons from the E^j^-mode 
into the initially empty E^j^-modc and change its Zee- 
man sublevel by Amp — —2 in this process. After three 
such scattering events, it will therefore end up being op- 
tically pumped into the mp — —3 state, see inset Fig. [3] 
b. This means that the on-resonance transmission of 
the spectroscopy light is expected to increase while we 



gradually recover the case of a two-level atom interacting 
with a single resonator mode. Figure |3] a shows this on- 
resonance transmission as a function of interaction time 
for three different intracavity photon numbers. We ini- 
tially observe a linear increase of the transmission with 
a slope that is proportional to the photon flux. For even 
longer interaction times, the transmission drops to zero 
because the atom ends up leaving the resonator mode. 
If we select only those events in which the atom is still 
present in the resonator mode after 2.5 fj,s, we obtain 
the transmission time trace presented in Fig. [3] b. In 
this case, the transmission reaches more than 60%, which 
corresponds to the transmission expected in the steady 
state case for our system and which indicates that the 
atom has been pumped to the mp ~ —3 state during the 
measurement. 

In order to further verify that the above-described sce- 
nario occurs in our experiment, we have recorded trans- 
mission spectra for the TM polarised mode with different 
values of ■ For the spectra presented in Figs. |4] a and 
b, the resonator was resonant with the atomic transi- 
tion frequency in zero magnetic field, and was set 
to +4.5 G and —3 G, respectively. The asymmetry in 
the shape of the dips in the spectra is well reproduced 
by the theory and stems from the magnetic field-induced 
detuning of the closed cycling transition with respect to 
the resonator. The sign of this shift depends on the sign 
of Bz- Then, we launched detection and spectroscopy 
light fields into the coupling fibre from the opposite side, 
meaning that it will be exclusively coupled into the E^j^- 
mode. Thus, we expect the atom to be optically pumped 
into the mp = —3 state, thereby changing the sign of 
the Zeeman shift of the atomic transition frequency. Fig- 
ures |4]c and d show that the asymmetry is, as expected, 
inverted in this case. This provides an additional confir- 
mation that the atoms are indeed optically pumped to 
the extreme Zeeman states during their interaction with 
the resonator mode. 



CONCLUSIONS 

Summarising, we experimentally demonstrated that 
the longitudinal component of the electric field in 
whispering-gallery-modes inhibits destructive interfer- 
ence between counter-propagating photons and thereby 
qualitatively changes the coupling of light and matter. 
This effect is universal in the sense that it stems from 
the physics of total internal refiection. For this rea- 
son, it is largely independent of the size and geometry 
of the resonator and will also occur for other resonator 
materials. In the context of the CQED experiment pre- 
sented here, it leads to an unexpectedly clean situation, 
close to the ideal case of a two-level atom that strongly 
interacts with one single mode of the electromagnetic 
field. In combination with the demonstrated low optical 
losses of whispering-gallery-mode microresonators, this 
constitutes ideal conditions for the realisation of photonic 
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FIG. 4. Vacuum Rabi splitting for different magnetic fields, 

circles: experimental data; error bars indicate the la statistical error) 



a and b, Measured coupling fibre transmission (blue 
for the TM-mode with a guiding field of = 4.5 G 



and _Bz = —3 G, respectively, and zero resonator-atom detuning for the F — 3, mp — ^ F' = 4, 



= transition. The 



red solid lines are theoretical model fits with average coupling strengths of g/2Tv — 19 MHz and g/2Tv = 16 MHz, respectively, 
c and d. Same as a and b, but with detection and spectroscopy light applied from the opposite direction. In this case, the 
theoretical model fits yields an average coupling constant of g/27r = 17 MHz and g/2Tr — 18 MHz, respectively. The asymmetry 
results from the magnetic field induced detuning of the closed cycling transition and is well reproduced by the theory. The 
standard deviation of the coupling strength for all fits is (7g/2n = 7 MHz. 



quantum devices in optical fibre-based networks. Such an 
architecture would strongly profit from a design where 
quantum emitters are permanently coupled to the res- 
onator modes. This could be realised, for example, with 
solid-state-based systems in the resonator mode [201 121] 
or by trapping laser-cooled atoms in the evanescent field 
of auxiliary whispering-gallery-modes j47l or of a nearby 
optical nanofibre.HH] 



METHODS 

A. Atom source 

In our experiment, we prepare a cloud of about 5 x 10'' 
laser-cooled ^^Rb atoms in a magneto-optical trap and 
launch it upwards by means of a moving molasses |45j . 
The bottle microresonator is approximately located at 
the turning point of the ballistic trajectory of the atomic 
cloud. The atom cloud overlaps with the bottle microres- 
onator for about 50 ms. During this time interval, a small 
number of individual atoms will enter into the evanescent 
field of the WGM at random arrival times. The temper- 
ature of the atom cloud is about 5 iiK, which yields a 
thermal velocity on the order of a few cm/s. In conjunc- 
tion with the decay length of the evanescent field of the 
bottle microresonator of about 118 nm, this gives rise 
to expected average interaction times of a few microsec- 



onds, in good agreement with the observed transits. We 
checked that the number of atom transits depends strictly 
linearly on the density of the atomic cloud. This allows us 
to conclude that the observed coupling events are indeed 
transits of individual single atoms through the resonator 
field. 

B. Real-time atom detection and spectroscopy 

The arrival time of atoms at the bottle microresonator 
is inherently random. Thus, an active detection scheme 
is applied, that can detect the presence of an atom in 
the cavity mode in real time. For this purpose, we set 
the coupling fibre to critical coupling and apply a de- 
tection light field with a flux of 1.2 x lO"^ photons/s, 
corresponding to a mean photon number of 0.18 in the 
resonator mode. We continuously monitor the coupling 
fibre transmission using single photon counting avalanche 
photodiodes. A trigger and control system, based on a 
fast field programmable gate array, registers the photon 
detection events. As soon as the number of detected pho- 
tons within a predetermined time interval Ati = 1.2 /is 
exceeds a user-defined threshold value rji — 6 (TM) or 
771 = 4 (TE), respectively, the system generates a trigger. 
This in turn operates a fast optical switch, that turns off 
the detection light and switches on a spectroscopy field 
that can be set to any relevant detuning in advance. The 
spectroscopy light is applied for a predetermined time 
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interval ranging from 100 ns to a few microseconds. We 
then switch back to the probe light in order to check if 
the atom is still present, using a detection time interval 
of At2 — 1 us and a threshold value of 772 = 2 photons. 
Events where the atom was lost are discarded. For the 
spectra presented in this work, we typically average the 
transmission over about 1000 atom transits for each de- 
tuning of the spectroscopy light. 



which results in a large angle of incidence 9 « 7r/2. The 
ratio of the two electric field components at the boundary 
then is 

^ = yr^, (4) 

and is approximately constant in the evanescent field. 



C. Bottle resonator modes 

In contrast to other WGM resonators, bottle- 
resonators sustain a large quantity of higher order axial 
modes, [37] which strongly differ by the intrinsic scatter- 
ing rate between the two counterpropagating modes. We 
estimate the axial mode number by imaging the scat- 
tered light from the empty resonator, which allows us to 
roughly infer the spatial extension of the cavity field. In 
order to achieve a high coupling strength in our experi- 
ment, wc select high-Q modes with minimal axial mode 
number, which feature a low intrinsic scattering rate at 
the same time. We infer the latter from the intrinsic split- 
ting of the empty resonator transmission spectrum in the 
undercoupled regime, see Fig [2] c and d. For the modes 
investigated here, we estimate an axial mode number of 
9 ^ 2 (g < 4) and an intrinsic mode splitting of smaller 
than 1 MHz (8 MHz) for the TM (TE) mode. 



D. Polarisation of evanescent fields 

When light undergoes total internal reflection at a di- 
electric interface with refractive indices ni > n2, the am- 
plitude of the two evanescent electric field components of 
TM waves is given bv: [411142] 

^ J, 2eosgsing 

(n4cos2 0-t-sin2 0-n2)i/2 ^ ' 

2cosg(sin^g-n2)i/2 
'^" °(n4cos2 + sin2 0-^2)1/2' ^■') 

where 9 is angle of incidence and n ~ n2/ni < 1 is the 
ratio of the two refractive indices. The optical modes of 
WGM we are interested in propagate close to the surface. 



E. Modelling the transmission spectra 

For the description of CQED in our bottle microres- 
onator system, we start with the Janyes-Cummings 
Hamiltonian describing the interaction of a two-level 
atom with two optical modes, as used in references [151 
dU [301 [SB [S3], for example. We extend this model to 
include the full Zeeman substructure of the atom and 
the polarisation of the optical modes. Intrinsic scatter- 
ing between the two counter-propagating bottle mode is 
experimentally found to be smaller than atom-resonator 
coupling rate g as well as the decay rate of the resonator 
field and was thus neglected in the modelling the pre- 
sented spectra. Since g depends on the distance between 
the atom and the resonator surface in our experiment, it 
changes during the atom transits and from shot to shot. 
We account for this distribution of coupling strengths by 
fitting an averaged spectrum to the transmission data. 
For the averaging, we assume the coupling strengths to 
be normally distributed within an interval ranging from 
g/2n = 7.5 MHz to 30 MHz. The latter value corre- 
sponds to the expected maximum coupling strength at 
an atom-resonator distance of 50 nm. For smaller dis- 
tances, the atom-surface interaction leads to significant 
shifts of the atomic transition frequencies which effec- 
tively inhibit the atom-resonator coupling. 
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